It remains a challenge in evolutionary genetics to elucidate how beneficial mutations arise and propagate in a population and how selective pressures on mutant alleles are structured over space and time. By identifying "sweeping haplotypes (SHs)" that putatively carry beneficial alleles and are increasing (or have increased) rapidly in frequency, and surveying the geographic distribution of SH frequencies, we can indirectly infer how selective sweeps unfold in time and thus which modes of positive selection underlie those sweeps. Using population genomic data from African Drosophila melanogaster, we identified SHs from 37 candidate loci under selection. At more than half of loci, we identify single SHs. However, many other loci harbor multiple independent SHs, namely soft selective sweeps, either due to parallel evolution across space or a high beneficial mutation rate. At about a quarter of the loci, intermediate SH frequencies are found across multiple populations, which cannot be explained unless a certain form of frequency-dependent positive selection, such as heterozygote advantage, is invoked given the reasonable range of migration rates between African populations. At one locus, many independent SHs are observed over multiple populations but always together with ancestral haplotypes. This complex pattern is compatible with a large number of mutational targets in a gene and frequency-dependent selection on new variants. We conclude that very diverse modes of positive selection are operating at different sets of loci in D. melanogaster populations.
Introduction
Positive natural selection, a fundamental force driving biological evolution, occurs when new beneficial alleles arise either as a de novo mutation or as standing genetic variation at the time of environmental change. An increasing number of studies are confirming the fundamental impact of positive selection on the genomic pattern of DNA sequence diversity in many species. Such analyses are possible due to the theory of natural selection on divergence and polymorphism at linked neutral sites, developed in the last few decades starting from the prediction of the variation-reducing (hitchhiking) effect of a beneficial allele (selective sweeps; Maynard Smith and Haigh 1974; Kaplan et al. 1989; Wiehe and Stephan 1993) and that of recurrent deleterious mutations (background selection; Charlesworth et al. 1993) . From the positive correlation of local recombination rate and the level of polymorphism (Begun and Aquadro 1992; Cutter and Payseur 2013) , even after correcting the effect of background selection Elyashiv et al. 2016) , and also from the local reduction of local sequence diversity at many genes or classes of sites that are likely targets of adaptive evolution (Schlenke and Begun 2004; Sabeti et al. 2006; Andolfatto 2007; Sattath et al. 2011) , it is now clear that positive selection is prevalent in the natural populations of many species.
However, the study of adaptive evolution is still far from elucidating how beneficial mutations arise and propagate in a population and how selective pressures on mutant alleles are structured over space and time. Recent theoretical and empirical studies addressed whether positive selection leads to the replacement of the ancestral allele by the beneficial allele of single or multiple mutational origins, namely hard or soft selective sweeps (Pennings and Hermisson 2006) . The classical theory of genetic hitchhiking assumed hard selective sweeps, which occur when the number of new beneficial mutations appearing in a population per generation (Nm; N ¼ effective population size, m ¼ mutation rate) is much smaller than one. As the expected heterozygosity per nucleotide site should be on the order of Nm and is observed to be less than one in most natural populations, one may predict that adaptive nucleotide substitutions result in mostly hard sweeps. However, it is argued that the short-term effective population size relevant for the number of independent beneficial mutations can be much larger than the long-term effective size governing the nucleotide diversity of random (neutral) sites (Karasov et al. 2010; Messer and Petrov 2013) . Furthermore, multiple sites in a gene may mutate to equivalently beneficial alleles, thus effectively increasing the beneficial mutation rate. These considerations lead to the prediction of frequent soft selective sweeps, which is now supported by increasing observations of soft selective sweeps in Drosophila melanogaster (Garud et al. 2015; Garud and Petrov 2016) and other species (Anderson and Roper 2005; Chan et al. 2010; Pritchard et al. 2010; Messer and Petrov 2013) . However, others are not fully convinced that population size and beneficial mutation rate in nature are large enough to make soft sweeps prevalent (Jensen 2014) . The definition of soft sweeps also includes the result of directional selection on a variant that was segregating as neutral or deleterious allele but turned beneficial upon environment change (Orr and Betancourt 2001; Innan and Kim 2004; Hermisson and Pennings 2005) . Such standing genetic variation under selection may be a mixture of equivalent alleles at multiple sites (thus multiple mutational origins). However, selection may act on a segregating variant that originates from a single event of mutation. Then, the hitchhiking effect would still result in a single group of homogeneous sequences, even though the size of this homogeneous block is expected to be much smaller than the case of classical hard sweeps. In this study, we will classify hard versus soft sweeps based only on the multiplicity of mutations to a beneficial allele, which is revealed by the number of distinct genetic backgrounds surrounding the putative beneficial allele. Therefore, if a selective sweep starting from standing genetic variation produces only one sweeping haplotype (SH) at the close vicinity of putative selective target, we consider it as a case of hard sweep.
Another important question is whether the frequencies of beneficial alleles (measured at fixed points in space) increase in time under constant selective pressure, approximately following a sigmoidal curve increasing from zero to one that is usually assumed in the standard model of directional selection. In human population genetics, this question arises from the observation that, despite frequent occurrence of variants that increased to intermediate frequencies by strong selection (Voight et al. 2006; Pickrell et al. 2009 ) adaptive variants that are driven to fixation in continental populations are relatively rare Hernandez et al. 2011) . Coop et al. (2009) suggested that in human populations a systematic weakening of selection on individual variants occurs as these variants increase in frequency. However, as the trajectories of adaptive allele frequencies in humans are greatly influenced by very recent and complex history of demographic expansion, it may not be easy to find what causes such weakening (Novembre and Di Rienzo 2009) .
The frequency trajectory of a beneficial allele is shaped by dominance and other factors that may impose temporal or frequency-dependent change in selective pressure. Specifically, we may consider the following three scenarios under which, as a beneficial allele increases to an intermediate frequency, the rate of increase diminishes. First, if a quantitative trait is under directional selection, the fitness gain (relative to the population mean) by a mutant allele at one of many QTLs would diminish in time while the mean phenotype of the population is moving closer to the optimum, because other loci are undergoing evolutionary changes as well (Chevin and Hospital 2008) . In this case, directional selection may drive the mutant allele up to only an intermediate frequency (Pritchard et al. 2010; Stephan 2016) . Second possibility is heterozygote advantage or overdominance: individuals that are homozygous with mutant alleles may have lower fitness than heterozygotes. Then, the frequency of this allele will increase only up to a certain frequency. It was demonstrated that this mode of directional selection arises naturally under Fisher's geometric model of adaptation and is very common in nature (Sellis et al. 2011 (Sellis et al. , 2016 . Third, heterogeneity of selective environment-whether the selective pressure is "local" or "global"-can influence the frequency trajectory. In a population subdivided into heterogeneous demes that are connected by limited migration, if positive selection occurs in some demes but not in others the frequency of beneficial mutation would increase rapidly until it reaches fixation in demes under selection and then slowly while it fills other demes by immigration and genetic drift only.
To address the above questions about how positive selection occurs in nature, the analysis of selective sweeps needs to reveal more than just the typical signatures of genetic hitchhiking-local reduction in polymorphism, skew in frequency spectrum, elevated linkage disequilibrium, and local increase in genetic differentiation (F ST ) between populationin a single population, which simply confirms that a certain allele increased rapidly from low to high frequencies in the past at that genomic region. Now, thanks to the rapid growth of DNA sequence information, the signatures of selection at a locus can be searched from multiple geographic regions and the presence of its putative beneficial allele can be examined in those different populations. Analysis in such a spatial context provides more information regarding the nature of a selective sweep. For example, from the geographic patterns of polymorphism associated with selective sweeps, the importance of standing genetic variation and multiple mutations for adaptation may be inferred (Barrett and Schluter 2008; Coop et al. 2009; Novembre and Di Rienzo 2009; Ralph and Coop 2010) . In this study, we propose a further systematic analysis of sequence polymorphism in multiple populations to infer how selective sweeps unfold in time and thus which kind of positive selection drives those sweeps.
In the populations of most species that are structured over geographic space, beneficial mutations propagate over twodimensional space. Selective sweeps progressing over geographically structured populations may have qualitatively different effects on genetic variation compared with those in panmictic (dimensionless) populations. As linked neutral sequences move along with sweeps spreading across neighboring populations, it can greatly change the degree of genetic differentiation between them (Slatkin and Wiehe 1998; Santiago and Caballero 2005) . In both discretely or continuously structured populations, the overall effect of hitchhiking (reduction in expected heterozygosity) is weaker than that in a panmictic population, because limited migration delays the propagation of beneficial allele over the total population and this increases the opportunity for recombination that breaks the hitchhiking effect (Kim and Maruki 2011;  Multiple Modes of Positive Selection Shaping the Patterns of Incomplete Selective Sweeps . doi:10.1093/molbev/msx207 MBE Barton et al. 2013 ). Ralph and Coop (2010) showed that such a speed limit in the propagation of beneficial alleles along with a large area to be covered by the moving front of sweeps leads to frequent soft selective sweeps. Therefore, the incorporation of spatial population structure into the study of selective sweeps generates new theoretical challenges and predictions, which present an opportunity for examining an unexplored aspect of positive selection by hypothesis testing and model fitting.
The theoretical studies of spatial selective sweeps however focused on the final result of a sweep, namely the pattern of genetic variation that is produced after the sweep is completed in the total population. When we are interested in how selective sweeps progress over time and space, signatures left after the beneficial allele went to fixation in the total population ("complete" selective sweep) may not be informative. More information can be gained from the signature of ongoing (or "incomplete") selective sweeps-selective sweeps caused by beneficial alleles that did not reach fixation yet. At loci undergoing incomplete sweeps, sampled DNA sequences are divided into a group of haplotypes harboring ancestral polymorphism, which was not affected by positive selection, and a group with the reduced/skewed pattern of polymorphism caused by the sweeping beneficial mutation. Various statistical methods for detecting incomplete selective sweeps were designed to capture this difference between the two groups (Hudson et al. 1994; Sabeti et al. 2002; Voight et al. 2006; Ferrer-Admetlla et al. 2014; Vy and Kim 2015) . These methods also allow the identification of the second group (sequences linked to the putative beneficial allele). Therefore, the size of this group in a population sample provides an estimate of the current frequency of a sweeping beneficial mutation. By estimating the beneficial allele frequencies at multiple geographic locations, it may be possible to infer which location is closer to where the allele originated, how fast it has spread across populations, whether selective pressure is local or global, and which mode of selection is acting on them. In this study, we aim to obtain insights into positive selection from a "snapshot" of a spreading beneficial allele by detecting incomplete sweeps and analyzing their spatial distribution in multiple populations.
We use population genomic data from African Drosophila melanogaster generated by the Drosophila Population Genomics Project (DPGP), from which hundreds of haploid whole-genome sequences from multiple African populations can be downloaded (Pool et al. 2012; Lack et al. 2015) . African data are a natural choice for detecting incomplete selective sweeps using our composite likelihood ratio (CLR) test (Vy and Kim 2015) because the demographic history of African populations, located in the ancestral range of this species, is inferred to be relatively simpler than those of non-African populations (Pool et al. 2012 ). Simpler demography is expected to minimize the violation of simple demographic assumption of the test. We will also use a haplotype homozygosity test using nS L statistic (Ferrer-Admetlla et al. 2014) which is an advanced version of iHS test (Voight et al. 2006) . It was shown that nS L is not very sensitive to complex demography. CLR and nS L tests are partially complementary to each other and the signature of an incomplete sweep is clearer if it is detected by both methods (Vy and Kim 2015) . We will first detect loci with such a clear evidence of incomplete selective sweeps in a population. Then for each locus, by identifying the haplotype putatively carrying the beneficial allele across 11 African populations, we will examine whether the geographic distribution of beneficial allele frequencies can be explained by simple directional selection with constant selective pressure over time and space or by more complex modes of selection.
Result

Population Structure of African Populations
Before analyzing the patterns of positive selection from sequence polymorphism, we examine the demographic structure of African populations since our analysis on selective sweeps critically depends on it. First, migration rates between populations are important as it affects the rate of beneficial alleles' propagation across populations (see below). The 11 populations under study are genetically differentiated from each other: F ST (calculated from genome-wide SNPs) for a pair of populations is $0.1 on an average and ranges from 0.009 to 0.22 (Pool et al. 2012) . Assuming time-homogeneous island model, this translates to migration rate (M ¼ 4Nm, where N is the effective population size and m is migration rate per lineage per generation) on the order of 10 (using M ¼ 1=F ST À 1). M is $20 for Rwanda (RG) and Zambia (ZI), two major populations that will be analyzed extensively below. However, while sub-Saharan African populations are considered to have simpler demographic history than other populations, they also deviate from the simple model of demographic equilibrium. It is not likely that the current population structure was invariant over time. Bastide et al. (2016) fit sequence polymorphism in RG and ZI to a demographic model in which these populations derive from a common ancestral population through population split and then symmetric migrations occur between them. They inferred that split between RG and ZI occurred $4.6 Â 10 4 generations ago and that, in the last 1,100 years, migration rate between them is M ¼ 3.6. Therefore, migration rate inferred in this model is much smaller than those under island model due to shared polymorphism inherited to these populations. We also attempted to estimate migration rate between RG and ZI under the isolation-with-migration model implemented in IMa2 (Hey and Nielsen 2007; see Materials and Methods) , however allowing migration rates in opposite directions to be different (for the purpose described below). We could not obtain stable convergence of the posterior probabilities of migration rates over all choices of prior distribution, probably because the data do not contain enough information for accurate estimation of asymmetric migration rates. However, from those runs with stable convergence, migration rates in either directions do not exceed M ¼ 5 (supplementary fig. S1 , Supplementary Material online). What is important for now is that migration rates between populations are much smaller than the strength of selection that we will Vy et al. . doi:10.1093 /molbev/msx207 MBE consider (a ) 100, where a ¼ 2Ns and s ¼ selection coefficient), which is satisfied with any of the above models.
Detecting Incomplete Selective Sweeps
To investigate the nature of positive selection by observing how the frequencies of beneficial alleles are distributed over African D. melanogaster populations, we first detect loci at which beneficial alleles are currently segregating, i.e., under incomplete selective sweeps, in either Rwanda or Zambia population. These two populations were chosen because the number of available haploid genomes (22 and 197, respectively) are large enough for detection. Two statistics-T 1 (standardized CLR) and nS L -are calculated for a singlenucleotide polymorphism (SNP) with 0.3 g 0.7, where g is the frequency of the derived allele at the site in the sample. A significant value of a statistic at this polymorphic site (termed "core SNP") suggests that the derived allele increased to current frequency by strong positive selection (Vy and Kim 2015) . The genomic scan of incomplete sweeps is performed by taking all available SNPs over the genome, one at a time, as core SNPs (see Materials and Methods). However, we excluded regions of low recombination rates (< 1 cM/Mb) because CLR method appears to generate frequent false-positive signals of incomplete sweeps under such low recombination rates (supplementary fig. S2 , Supplementary Material online).
We first identified SNPs generating significant CLR (T 1 > 1.8). They make up 1.2% of all SNPs examined in RG and 0.7% in ZI samples. When we obtain the distribution of T 1 using data sets generated by standard neutral simulation with scaled mutation rate and scaled recombination rate estimated in Zambia, T 1 ¼ 1.8 corresponds to 0.053% cutoff value (supplementary fig. S3 , Supplementary Material online). However, complex demography may alter this distribution. Therefore we also obtained the distribution of T 1 under three nonequilibrium demographic models: population bottleneck, exponential growth, and population split followed by migration. The parameters of these models reflect the results of recent demographic inferences for both Zambia and Rwanda populations, including a population bottleneck, $73% reduction between 10 4 and 10 5 years ago, in the population ancestral to Zambia (Sheehan and Song 2016) . The distribution of T 1 changes little due to demographic effects (supplementary fig. S3 , Supplementary Material online): the proportions of T 1 > 1.8 are 0.030%, 0.059%, and 0.051% in the models of bottleneck, exponential growth, and population split, respectively. Therefore, the 0.7% of SNPs yielding T 1 > 1.8 in Zambia are not likely false positives due to complex demography. (Note: Vy and Kim (2015) reported that complex demography increases CLR. However, the effect was on nonstandardized ratios. The distribution of T 1 becomes very similar to the case of neutral equilibrium after standardization by means and quantiles that are obtained from the same demography simulation. See Methods for more details.) Decreasing sample size from 200 to 22 increased the variance of the distribution only moderately: the proportions of T 1 > 1.8 are 0.070%, 0.098%, and 0.055% in the above three demography models, respectively.
These results suggest that our detection of SNPs under incomplete sweeps by CLR method in both RG and ZI is robust to demographic complications that are relevant for these populations, whereas the test retains sufficient statistical power (supplementary fig. S3 , Supplementary Material online). Furthermore, these significant SNPs are not randomly distributed over the genome but tend to be clustered in short intervals on the sequence, suggesting that each cluster is caused by a single event of incomplete selective sweep (see supplementary fig. S2 of Vy and Kim 2015) . Therefore, a cluster is considered as a single candidate locus under selection and will also be referred to as a "signal" or "peak" below. We obtained clear peaks of CLR in all five major chromosome arms of D. melanogaster, as illustrated for chromosome 2 L in figure 1.
To further reduce false positives, we discard a signal if none of SNPs within the cluster yields a significant nS L (< À2.4). Namely, a locus is considered a candidate only if it is detected by both CLR and nS L methods. This ad hoc threshold (À2.4) was chosen as it results in the number of nS L peaks throughout the genome similar to that of CLR peaks. As noted in Vy and Kim (2015) , the plot of nS L produces less distinct peaks than CLR. Overall, about half of CLR peaks are removed from the list as they do not overlap with nS L peaks. In total we detect 42 candidate loci. These loci are then subjected to haplotype analysis below, by which additional loci are discarded.
Identification of SHs
Although it is difficult to identify the exact site under selection in a signal, as it is composed of multiple core SNPs yielding significant values, it is possible to estimate the frequency of putative beneficial allele in a given population sample. It is simply the frequencies of highly homogeneous sequences, defining an SH, that are inferred to carry the beneficial allele. We want to identify an SH and estimate its frequency not only in a population where the signal of an incomplete sweep is identified but also in other populations, which may harbor the same SH due to migration. This can be done by identifying a highly homogeneous block in the alignment of sequences from all 11 African populations. We thus searched a distinctively homogeneous group of sequences, which is defined as an SH, over the sliding windows of sequences in a region surrounding a candidate locus (as illustrated by genealogical tree in fig. 2 ; see Materials and Methods for the exact algorithm for identifying an SH). At a given window, h sequences belong to the SH. It is expected that h is maximized if the sliding window is centered right on the position of the beneficial allele. At this window of maximum h, we count the frequency of the SH in each population sample. We chose the size of sliding window to be 0.5â nucleotides, wherê a is the estimate of a (¼ 2Ns) obtained by maximizing CLR, since the extent of homozygosity is proportional to the strength of selection. This procedure maximizes the possibility that the chosen window covers the original sequence on which the beneficial allele occurred but not recombined sequences. Search for homogeneous sequences also allows the discovery of soft selective sweeps: in addition to the major Multiple Modes of Positive Selection Shaping the Patterns of Incomplete Selective Sweeps . doi:10.1093/molbev/msx207 MBE SH that underlies significant CLR or nS L , other putative SHs appearing in different genetic background can be identified.
We failed to identify a major SH with frequency >0.2 at four of the 42 candidate loci. Namely, these loci do not harbor the clear pattern of polymorphism compatible with incomplete selective sweeps and thus are dropped from the list of candidates. In addition, we attempted to remove signals that appear on the flanking regions of complete selective sweeps, since it is known that the haplotype pattern of such a region (the "shoulder" of a complete sweep) resembles that of an incomplete selective sweep (Schrider et al. 2015 ). In the above procedure of identifying an SH, the sliding window moves until h is maximized. If it starts from the shoulder of a complete sweep, it will arrive in the center of the sweep where one or more population samples are fixed for an SH. We confirmed only one such case: the most prominent peaks in chromosome arm 2R (see fig. 5 of Vy and Kim 2015) are located on both sides of the Cyp6g1 gene, which is wellknown target of positive selection driven by pesticide resistance (Schlenke and Begun 2004; Schmidt et al. 2010 ) and this sweep is complete in Rwanda.
After the above five loci are removed, we finally have 37 candidate loci of incomplete selective sweeps that will be analyzed further (table 1) . Of these, two loci yielded signals in both Rwanda and Zambia (i.e., the sweep is incomplete at intermediate frequencies in both populations). Signals at other loci were detected either in Rwanda or in Zambia only (24 and 11 loci, respectively).
Geographic Distribution of SHs
The geographic distributions of SHs at four of 37 candidate loci are shown in figure 3 . (Those of other loci are provided in supplementary fig. S4 , Supplementary Material online.) We could classify loci into three types that correspond to three general modes of inferred selection. In type H loci, only one SH is identified in the entire sample of sequences, whether it is found in only one or more populations, thus making the clear case of hard selective sweeps. At other loci, only one (major) SH is observed in the population where the signal is detected whereas, in some of other populations, one or more SHs of independent mutational origins are also observed. These "minor" SHs are mostly in low frequencies and therefore unlikely to have interacted with the major SH while the latter was increasing to current frequency. Nonetheless, the observation of multiple SHs in the total population represents parallel evolution-a hard sweep in a local population but a soft sweep in an extended population (Ralph and Coop 2010) . We define this second class of loci as type P loci. Interestingly, at type P loci signals were almost always detected from Rwanda (table 1 and (Pennings and Hermisson 2006) . In total there are 21, 13, and 3 loci belonging to type H, P, and S patterns. In case of hard selective sweeps (looking at the major SH of type P loci as well), we observe various geographic distributions of SH frequencies. The SH is found either in one population only, in multiple populations with very unequal frequencies ( fig. 3A) , or in multiple populations with similar frequencies (fig. 3B ). Below population genetic models will be explored to find what causes different groups of loci to exhibit different degrees of inequality in SH frequency among populations.
In addition, we recognize interesting patterns of asymmetry in signals detected in Rwanda versus Zambia. At type H loci, most SHs discovered in Rwanda are not found in Zambia. However, the majority of SHs discovered in Zambia are also found in Rwanda. It cannot be explained by the discrepancy of sample sizes (22 vs. 197) , since a given SH is less likely to be missed in a larger sample (i.e., Zambia). A more plausible explanation might be that fruit flies migrate preferentially The value and position of maximum T 1 (standardized CLR). d Derived allele frequency at the site of maximum T 1 . Note that sample size at the site (denominator) may vary due to the presence of missing values. e Positions of the first (start) and last (end) sites of a window that is at the center of the locus, determined by the homogeneous sequence search. f The frequency of sweeping haplotype identified in window at the estimated center of the locus. g H, P, and S denote type H, type P, and type S locus. h Annotated genes near the location of maximum T 1 .
Multiple Modes of Positive Selection Shaping the Patterns of Incomplete Selective Sweeps . doi:10.1093/molbev/msx207 MBE from Zambia to Rwanda, thus making the one-way propagation of beneficial alleles. Under this hypothesis, the observation that major SHs at most type P loci are located in Rwanda might be also understood: if a beneficial allele cannot spread from Rwanda to Zambia but the underlying selective pressure is global, it will lead to parallel evolution (i.e., independently arising beneficial alleles in Zambia; see fig. 3C for example). However, to the contrary, more frequent migration from Rwanda to Zambia (with rate M R!Z ) than the other direction (M Z!R ) was inferred by fitting isolation-with-migration model to randomly chosen SNPs using IMa2 (supplementary fig. S1, Supplementary Material online) . From the runs of IMa2 with stable convergence, we estimate that M R!Z is between 1.5 and 4.8 and M Z!R is $0.9. We will further elaborate on this apparent contradiction in the inferred directions of migration in Discussion.
Population Genetic Models for Hard Incomplete Sweeps
To explore evolutionary models that explain the inequality or similarity of SH frequencies at multiple geographic locations, we consider two aspects of positive selection acting on beneficial alleles. First, the selective pressure might be global (i.e., a beneficial allele is uniformly advantageous over different populations) or local (advantageous in some populations only).
Second, the (marginal) selective pressure on a beneficial allele may be simply maintained constant or diminishing while its frequency is increasing toward fixation. The latter may occur if the locus under selection shows heterozygote advantage (Sellis et al. 2011) or is one of many genes affecting a quantitative trait (Chevin and Hospital 2008; Stephan 2016) . We investigate by simulation the distribution of beneficial allele frequencies in simple models with these effects.
There are two populations (deme 1 and deme 2), each made of N diploid individuals, that exchange M ¼ 4Nm copies of genes between them per generation. We assume M ¼ 20, which is probably an overestimate for between Rwanda and Zambia as mentioned earlier. When both demes are initially monomorphic with the wild type allele b, a single copy of beneficial allele B arises in deme 1 and, given that it avoids stochastic loss by genetic drift, its frequency increases by positive selection up to f 1 after a certain number of generations. At that time, the frequency in deme 2 is f 2 , which is determined by immigration from deme 1, genetic drift, and selection. The relative fitness of bb, Bb, and BB genotypes in deme i are 1, 1 þ s i , 1 þ gs i . Then, there are four distinct modes of selection: global simple selection (
, and local diminishing selection (s 1 > 0, s 2 ¼ 0, g < 1). Here, while diminishing The results of our simulations are summarized by F ST calculated using the final frequencies of beneficial allele in random samples from two demes. Different final frequencies of B at deme 1 (f 1 ) and scaled selection coefficients (a ¼ 2Ns 1 ) were used for each mode of selection. Very similar distributions of F ST for given f 1 were obtained for global simple, local simple, and local diminishing selection models (fig. 4) . Here, F ST increases with f 1 because F ST is mainly determined by f 1 Àf 2 , where f 2 remains low while f 1 is increasing under these three modes of selection. Namely, the spread of beneficial allele into deme 2 was significantly delayed relative to that in deme 1, even with positive selection at deme 2 (global simple selection), due to limited migration. We obtained similar results for M ¼ 2 and 60 (supplementary fig. S5 , Supplementary Material online).
The above result agrees with the analysis in Kim and Maruki (2011) . Assuming global simple selection, the average number of generations taken for B to be established in deme 2 is given by
(eq. 5 of Kim and Maruki 2011) , where the last approximation is due to a ) M. Then, if positive selection on B continues over d generations, the frequency in deme 1 would reach
where f 0 is the initial frequency of B in a deme. Therefore, in the ranges of relevant migration rate (for African populations) and selection strength, global simple selection results in f 1 ) f 2 . Local simple or diminishing selection also lead to large f 1 Àf 2 (thus maximum attainable F ST given f 1 ) since B is lost frequently in deme 2 by genetic drift. However, if selection becomes weaker relative to migration, the range of F ST under global simple selection is shifted down compared with those of local selection, which is clearly shown in the case of M ¼ 60 and a ¼ 1,000 in supplementary figure S5, Supplementary Material online.
On the other hand, global diminishing selection results in very low F ST , clearly distinct from other models for large f 1 (fig. 4) . For a given value of a, time for the mutant allele to reach f 1 during simulation is 2-10 times longer under diminishing selection than under simple selection. Namely, the frequency of B at deme 1 remains at an intermediate value long enough to allow the frequency at deme 2 "catch up" to f 2 % f 1 .
Comparison between simulation results above and F ST calculated from SH frequencies in Rwanda and Zambia indicates that, at the majority of candidate loci, SH frequencies are substantially unequal and thus are compatible with either global simple, local simple, or local diminishing selection ( fig. 4) . However, at least six candidate loci with small RG-ZI F ST (blue dots in fig. 4 ) are compatible with global diminishing selection. At three of these loci (3L-Z1, X-RZ1, X-Z1) SHs are observed not only in Rwanda and Zambia but also in many other populations at intermediate frequencies (supplementary fig. S3 , Supplementary Material online). At three additional loci (3L-R3, 3R-Z2, X-R4), the polymorphism of SH is observed at the majority of populations while F ST between Rwanda and Zambia is not so low. Such simultaneous segregation of SH haplotypes in multiple populations suggests that a certain form of diminishing selection limited the maximum frequency of beneficial alleles. (Note that this mode of selection is different from classical balancing selection, under which two alleles are continuously maintained at . In simulations, the beneficial allele was counted from 100 chromosomes sampled from each deme. Small dots indicate F ST calculated from SH frequencies in RG and ZI samples and the larger of two frequencies as the estimate of f 1 , at 37 candidate loci (5 loci not visible due to overlaps). For type P and S loci, we calculated F ST based on the major SH at each locus. Results of loci withâ 2.5 Â 10 3 , 2.5 Â 10 3 <â 1.25 Â 10 4 , andâ > 1.25 Â 10 4 are shown overlapped with simulation results of a ¼ 10 3 , 5 Â 10 3 , and 2 Â 10 4 , respectively. Six loci that are compatible with global diminishing selection (2R-Z3, 3L-Z1, 3R-Z1, 3R-Z3, X-Z1, X-RZ1) are marked blue (X-RZ1 is plotted twice becauseâ is estimated to be 2,000 in RG and 4,000 in ZI).
Multiple Modes of Positive Selection Shaping the Patterns of Incomplete Selective Sweeps . doi:10.1093/molbev/msx207 MBE intermediate frequencies and thus would not generate severely reduced polymorphism on a particular allelic background.) A beneficial allele at intermediate frequencies must have been segregating longer, thus letting haplotype homozygosity around it eroded further, under diminishing selection than under simple selection. In agreement, the average ofâ obtained at eight loci compatible with diminishing selection (five loci of low RG-ZI F ST after excluding 3R-Z2, at which SH polymorphism is observed in RG and ZI only, plus 3L-R3, 3R-Z2, X-R4) is lower (4,912) than the average of all loci (9,468) (P < 0.026, randomization test). These results for loci with signatures of hard selective sweeps suggest that at least two different modes of positive selection are operating over different loci in these populations.
Loci under Soft Selective Sweeps
We observed only three type S loci (table 1) with the clear pattern of soft selective sweeps within a single population, probably because the methods of detection we used were originally designed to detect a hard sweep in a population. In addition, type S loci might have been under-counted, because minor SHs in low frequencies in a sample (< 3 counts or 5% per deme) were ignored. If we include them, two or more SHs are placed in the same population at all type P loci (except 2L-R4), which would be then reclassified to type S loci. Namely, the distinction between P and S loci is rather arbitrary.
It appears that soft sweep is more likely to be detected by CLR than by nS L because, when we examine six clear peaks of CLR that are however not supported by nS L (and thus were excluded from table 1), two of them are clearly type S loci. On the other hand, we do not find any type S locus from peaks that are significant in nS L but not in CLR. Interestingly, the pattern of soft sweep in one of these loci located in 2R (denoted 2R-RZ1, as it appears as significant peaks at both populations) is highly complicated (fig. 5A) . Here, at least eight distinct SHs are identified over five populations, including three in Rwanda and five in Zambia. Some of SHs are found in multiple locations. However, little overlap in SHs is observed between Rwanda and Zambia. Soft sweeps with multiple SHs may occur when there are a large number of sites (large "mutational target") at which mutations to equivalently beneficial alleles occur. A sudden onset of selection can increase their frequencies simultaneously in all of these populations. However, the sum of SH frequencies in any of these populations is <0.85. Therefore, populations are simultaneously undergoing incomplete soft sweeps. (The portions fig. 5A ). This pattern is difficult to explain under a simple model of a soft selective sweep but suggests that a certain mode of diminishing selection, for example heterozygote advantage, is acting to limit the sum of SH frequencies below one.
To confirm the scenario above as a likely explanation, simulation was performed under a simple model. Again, we assume two diploid populations of constant size N, having Rwanda and Zambia in mind, with migration rate m per generation. The two populations are initially fixed for the ancestral allele b. Each copy of b mutates to a beneficial allele B i with probability m per generation, where i indexes different mutational origins. The relative fitness of bb, B i b, and B i B j (i j) genotypes in both demes are 1, 1 þ s, and 1 þ gs. As expected, we could obtain the pattern correspondingly similar to the observed one (coexistence of multiple B i s and b) when the mutation rate is high (4 Nm > 1) and there is heterozygote advantage (g < 1). An exemplary simulation result is shown in figure 5B . For a given m and g, the pattern remained similar over a wide range of migration rate as long as s ) m (data not shown) probably because beneficial mutations increase to intermediate frequencies at each deme too quickly for migration to have any role in the dynamics. It is also possible to obtain the observed pattern without heterozygote advantage (g ¼ 2), however, assuming that observation is made at a right moment before the ancestral allele is wiped out (fig. 5C ). On the other hand, the relative frequencies of different alleles change little under heterozygote advantage, making this scenario a much more likely explanation.
It is difficult to pinpoint a gene under selection at this 2 R-RZ1 locus as the pattern of haplotype structure spans over a $30-kb-long region that includes five annotated genes (CG18446, CG12744, SEC24AB, CG1513, CG30007; supplementary table S1, Supplementary Material online). There are other genes in the region that are not analyzed here because only a small portion of the gene overlaps with the region (cbx) or they are very short and completely nested within one of the above five genes (CR45467, CG12923, and CG30008). SHs are distinguished from each other by numerous SNPs that are scattered over the five genes and form strong linkage disequilibrium (supplementary fig. S6 , Supplementary Material online). In particular, at 39 nonsynonymous polymorphic sites a variant allele (different from that in D. melanogaster reference sequence) is in complete linkage disequilibrium with one of eight SHs (i.e., fixed within sequences belonging to a SH but not found in other SHs). Out of these, 24 sites (including 9 sites with radical amino acid changes) are located in gene CG30007, which is also known as tea (telomere ends associated). Assuming that functional differences among SHs result from amino acid changes, this gene is therefore a likely candidate under selection. Interestingly, this gene was recently discovered to bind to heterochromatin protein 1 (HP1a) (Alekseyenko et al. 2014 ) and a centromeric complex including hybrid male rescue (Hmr) and lethal hybrid rescue (Lhr) genes (Thomae et al. 2013) . Hmr and Lhr genes form one of the best known cases of Dobzhasky-Muller hybrid incompatibility (Brideau et al. 2006 ). As it is known that hybrid incompatibility often involves selfish DNA elements, such as centromeres that favor their own transmission, causing the coevolution of compensatory factors, the interaction of CG30007 with Hmr and Lhr pair may also suggest its potential involvement in such a coevolutionary dynamics. As name tea suggests, this gene might also be involved in coevolutionary dynamics through the interaction with telomeres. However, it is also possible that one of other genes in the region is the target of selection, as they also carry several SH-specific nonsynonymous variants (supplementary  table  S1 , Supplementary Material online). CG18446 is a candidate gene for temperature adaptation as it was upregulated in response to selection for cold resistance (Telonis-Scott et al. 2009) . A signature of positive selection on a variant of CG18446 with the insertion of a transposable element that alters promoter function was recently reported (Merenciano et al. 2016) .
At this point, however, no further information is available to confirm which of the five genes is causing the pattern of complex soft sweep or to infer whether functional variants under selection are located in a protein-coding region (as assumed in the above examination) or in a regulatory region. We also note that sequence diversity per synonymous site at the five genes (p S ¼ 0.003 $ 0.007) is not higher than the genomic average, which indicates that distinct haplotypes at this locus are not maintained by long-term balancing selection. We also discover a similar pattern of multiple SHs in intermediate frequencies that are in strong LD across the five genes from 205 sequences of Raleigh, North Carolina (Lack et al. 2015) . Therefore, the evolutionary force shaping this pattern appears to be universal.
Discussion
This study aims primarily to infer the modes of positive selection, through the geographic patterns of putative beneficial variants currently increasing in frequency, not to exhaustively search the signatures of incomplete selective sweeps in the D. melanogaster genome. We therefore focused on detecting loci with clear patterns of incomplete sweeps only. For example, we limited our search to core SNPs with derived allele frequency between 0.3 and 0.7 because the signature of incomplete or on-going sweep is clearer when sampled sequences belonging to both sweeping and nonsweeping blocks are in sufficient numbers. (Note: The frequencies of SHs finally estimated by homogeneous sequence search over sliding window can be <0.3 or >0.7.) We also discarded loci that are not supported by both CLR and nS L methods. Therefore, there might be a large number of incomplete selective sweeps that were not included in our analysis.
We found various patterns of incomplete selective sweeps over the spatially structured populations of D. melanogaster and, from these results, conclude that multiple modes of positive natural selection are operating in this species. Both classical and recently proposed models of positive selection are all required to explain the patterns: they are compatible with either hard selective sweeps with simple propagation of beneficial alleles over demes (Slatkin and Wiehe 1998 ; Kim and Maruki 2011), soft sweeps due to parallel evolution across Multiple Modes of Positive Selection Shaping the Patterns of Incomplete Selective Sweeps . doi:10.1093/molbev/msx207 MBE space (Ralph and Coop 2010) , soft sweeps due to frequent recurrent mutations (Pennings and Hermisson 2006) , diminishing selection such as that caused by heterozygote advantage of beneficial allele (Sellis et al. 2011) , or some combination of these processes. It is likely that actual processes of positive selection are even more heterogeneous but could not be revealed by the current approach, as indicated by our inability to distinguish among global simple, local simple, and local diminishing selection (fig. 4) .
Whether directional selection in natural populations cause mainly hard or soft selective sweeps is a central topic in evolutionary genetics (Messer and Petrov 2013; Jensen 2014) . Garud et al. (2015) and Garud and Petrov (2016) used haplotype homozygosity test to find predominantly soft selective sweeps in the North American and Zambia populations of D. melanogaster. In contrast, we detected more hard than soft sweeps, probably because we used methods primarily designed to do so. Furthermore, we treat a selective sweep starting from standing genetic variation as a hard sweep if it is identified by only one SH. Soft sweeps due to recurrent beneficial mutations are also likely to have been undercounted because low frequency SHs in the sample were ignored. Therefore, there was a systematic bias in our study to underestimate the frequency of soft sweeps. However, since Garud et al. (2015) observed haplotypes in a window of fixed size (a fixed number of SNPs) regardless of the strength of selection, they might have overcounted soft sweeps by classifying a distinct sequence resulting from recombination during the sweep (but still linked to the same beneficial mutation) as a new haplotype carrying an independent beneficial allele (Schrider et al. 2015) . It is also possible that we detected more hard sweeps because North American and African populations might be different in short-term effective size, selective pressure, and population structure that result in different frequencies of hard versus soft sweeps. For example, Cyp6g1 is a representative locus of soft sweep due to recurrent mutations in Garud et al. (2015) and Garud and Petrov (2016) but we identify only one SH at this locus in African populations (supplementary fig. S7, Supplementary Material online) .
Nonetheless, our result of finding 16 out of 37 loci as type P or S loci, despite a methodological bias to detecting hard sweeps, further validates a point that soft selective sweeps due to recurrent mutations have to be importantly considered in investigating adaptive evolution from DNA sequence polymorphism (Hernandez et al. 2011; Messer and Petrov 2013) . Furthermore, our discovery of numerous type P loci suggests that, as the geographic range (and the extent of admixture) of sampled sequences becomes larger, the signature of selection will be more likely to be that of soft sweep (Ralph and Coop 2010; Garud and Petrov 2016) . Although methods employed in this study are not designed to detect soft sweeps, interestingly, CLR appeared to be able to detect type S loci while nS L could not. Although copies of a beneficial allele that originate from a single mutation event reach only an intermediate frequency under soft sweeps (i.e., in the presence of other beneficial alleles of different mutational origins), it may still cause a change of allele frequencies at linked neutral loci away from the neutral equilibrium, thus increasing CLR. However, haplotype homozygosity surrounding the derived allele of a core SNP, quantified by nS L or iHS, would be very low if the copies of this allele are of multiple independent mutational origins.
Another important finding in this study is the simultaneous segregation of SH at intermediate frequencies across multiple populations (> 3 populations) for at least 24% of our candidate loci (nine loci including 2R-RZ1), from which we conclude that diminishing or negative frequency-dependent selection significantly affect adaptive evolutionary dynamics in Drosophila. It should be also noted that both M R!Z and M Z!R are estimated to be much smaller than M ¼ 20 (rate used for results in fig. 4 ). Lower estimates of migration rates make our inference of global diminishing selection at many loci more conservative: it makes it harder to explain the simultaneous segregation of SHs at intermediate frequencies over multiple populations without assuming a certain frequency dependent selection. It is possible that diminishing selection is even more frequent than inferred here because local diminishing selection could not be distinguished from local or global simple selection ( fig. 4) . Even under global diminishing selection, it may not be noticed simply because selection occurred too recently to let frequency difference between demes narrowed down (let f 2 to catch up close to f 1 in our two-deme model). In addition, many loci at which SHs segregate in low frequency (< 0.3) in most populations would escape detection due to the condition of limiting the derived allele frequencies at core SNPs between 0.3 and 0.7. (It should be noted, however, that a locus under simple selection might have been undetected as well because SH frequency can be <0.3 in some but >0.7 in other populations. Therefore, it is not clear whether our choice of core SNPs leads to underestimating the proportion of diminishing selection.)
Several studies already proposed evolutionary genetic models that predict diminishing positive selection with increasing frequency of mutant allele, including the model of directional selection on a quantitative trait (Chevin and Hospital 2008; Stephan 2016 ) and the overdominance of beneficial alleles (Sellis et al. 2011) . In addition, various other models of balancing selection, including those due to environmental fluctuations (Chesson and Warner 1981; Svardal et al. 2011; Gulisija and Kim 2015) , commonly invoke frequency-dependent selection and therefore would predict the invasion of new variants that rapidly increase to intermediate frequencies. If such an invasion is episodic at a given locus and very recent, it may produce a signature of incomplete sweeps by diminishing selection (Messer et al. 2016) . Frequent occurrence of diminishing selection may help explain why we detect relatively few loci that underwent complete selective sweeps: whereas the shoulder of a complete sweep is expected to generate a pattern indistinguishable from an incomplete sweep (Schrider et al. 2015) , we detected such a case only for Cyp6g1 locus out of 42 loci. Coop et al. (2009) also recognized a deficit of complete sweeps in human populations.
An alternative possibility for observing SH segregation simultaneously in multiple African populations is that positive Vy et al. . doi:10.1093/molbev/msx207 MBE selection on a beneficial allele started in the common ancestral population and, after the population split, this allele is still increasing in frequency by selection in each derived population. This scenario does not require diminishing selection. However, the estimated time of split between African populations is larger than the estimated length of time for a beneficial allele to reach fixation: Rwanda and Zambia are estimated to have split either $4.6 Â 10 4 (Bastide et al. 2016) or 2Â 10 5 $ 4 Â 10 5 (by our analysis using IMa2) generations ago. Bastide et al. also estimated the split time between RG and EF (an Ethiopian sample that is not included in our study) to be $1.7 Â 10 4 generations. On the other hand, the estimated strength of selection (from the extent of reduced polymorphism captured by CLR method which assumes simple positive selection) at loci with multipopulation SH segregation is about a ¼ 2Ns ¼ 5,000 on an average or s % 2.5 Â 10 À3 assuming N ¼ 10 6
. Such a beneficial allele would stay at intermediate frequency less than a few thousand ($2/s) generations. Therefore, this scenario of positive selection starting from the common ancestral population is not supported.
At loci showing the pattern of hard sweeps, most SHs discovered in Rwanda are not found in Zambia while many SHs discovered in Zambia are also found in Rwanda. Furthermore, at type P loci it is almost always Rwanda where major SHs are observed while minor SHs are observed in Zambia, as if adaptation in Zambia depends on de novo mutation even when the same adaptation is already progressing in Rwanda. These patterns of asymmetry may arise if migration is more frequent from Zambia to Rwanda than in the other direction, causing beneficial alleles to move mostly from Zambia to Rwanda. However, we inferred that the migration rates are asymmetric in the opposite direction by fitting random genomic variation to the isolation-withmigration model (Hey and Nielsen 2007) (supplementary  fig. S1 , Supplementary Material online). Therefore, this inference of migration contradicts the direction of beneficial alleles' spread inferred at candidate loci under selection.
It is not clear why this discrepancy arises. One possibility is that migration rates inferred from random genomic polymorphism using a simple demographic model may be inaccurate or misleading. After a recent split from a common ancestral population, two populations would exhibit similar levels of sequence diversity due to shared polymorphism. If population A is observed to have more sequence diversity than population B, to account for this, the isolation-withmigration model would predict a larger effective size of A and/or more migration from B to A. Indeed, the estimated split time is recent (t div ¼ 2 Â 10 5 $ 4 Â 10 5 ) relative to the estimated population sizes of Rwanda and Zambia (N R % 5 Â 10 6 , N Z % 1.2 Â 10 6 ) and the sequence diversity in Zambia is higher than in Rwanda (p ¼ 0.0083 and 0.0075, respectively), forcing the inference of Rwanda-to-Zambia biased migration. However, in reality Zambia might have a larger effective population size and at the same time migration might be mostly from Zambia to Rwanda, for example if Zambia is ecologically a source and Rwanda is a sink. A simple model of demography and patterns of genetic differentiation based on neutrality may not capture such ecological complexity (Whitlock and Mccauley 1999) . It could be also speculated that beneficial alleles migrate in quite different directions than random neutral alleles, due to some spatiotemporal patterning of selective pressure. For example, there might be more sweeps in Rwanda because Rwanda is a novel environment to D. malanogaster whereas Zambia is a part of the species' ancestral range. Further studies are needed to track and understand the spread of beneficial alleles with respect to the genomic pattern of migration, especially in species with well-analyzed migratory histories such as humans.
Materials and Methods
Data
The Drosophila Genome Nexus project gives access to hundreds of full D. melanogaster genomes distributed over many populations in Africa (Lack et al. 2015) . In this study we used DPGP3 data from 11 populations (Guinea [GU] , each of which has at least four primary core genomes. Since IBD (identify by descent) tracks and admixture regions may lead to false positive observations of selective sweeps, we masked them before scanning the genome for sweeps but used (unmasked) them when searching homogeneous sequences for identifying SHs (see below). IBD tracks and admixture regions together with scripts to mask them were provided by John Pool (www.john pool.net) and the Drosophila Population Genomics Project (www.dpgp.org).
Ancestral and derived states at SNP sites were identified using the table of ancestral allele probabilities for polymorphic sites calculated for DPGP1 RAL sequences (Chan et al. 2012) . At polymorphic sites where ancestral allele probability are not available, nucleotides on D. simulans sequence in the syntenic assembly with D. melanogaster (available at www. dpgp.org) are defined as ancestral alleles. For those sites where no information for ancestral state is available, folded allele frequency was used in the calculation of composite likelihoods. Throughout this study, nucleotide positions refer to the coordinates in the release 5 of D. melanogaster reference sequence.
Isolation-with-Migration Analysis for Rwanda-Zambia
We used IMa2 (https://bio.cst.temple.edu/$hey/software/ software.htm#IMa2), to infer divergence time and migration rate between Zambia and Rwanda populations. IMa2 implements MCMC method to sample genealogies at multiple nonrecombining loci given as input data, and use them to generate posterior distributions of population parameters. We consider a simple population model, in which two populations have constant effective population size N R and N Z , exchange M R!Z ¼ 2N R m R!Z and M Z!R ¼ 2N Z m Z!R gene copies each generation (where subscripts R and Z indicate Rwanda and Zambia) after splitting from a common ancestral population of size N A at t div generations in the past.
Multiple Modes of Positive Selection Shaping the Patterns of Incomplete Selective Sweeps . doi:10.1093/molbev/msx207 MBE Since input data for IMa2 are a set of loci with no recombination within them and free recombination between them, we first obtained a set of putatively nonrecombining DNA regions using four-gamete test on 219 chromosomes (Rwanda and Zambia samples combined). This procedure results in 80 loci withdrawn randomly, each having 3$11 SNPs on a 20$500 bp long segment, with <10% missing bases ("N") in any individual sequence. We do not use more loci due to computational constraints.
Scan for Selective Sweep Using nS L and CLR Test
We scan for incomplete sweeps in RG and ZI samples using a haplotype homozygosity test by nS L statistic (Ferrer-Admetlla et al. 2014 ) and a composite likelihood ratio (CLR) test (Vy and Kim 2015) . The latter method is now provided as MISCL (Mapping Incomplete Selective Sweeps Using Composite Likelihood) package and available for download (http:// home.ewha.ac.kr/ykim/). CLR and nS L were calculated for each SNP if its allele frequency ranges from 0.3 to 0.7 and the proportion of missing bases "N" is <30%.
Recombination rate used to calculate CLR was taken from an approximate function along chromosome arms (Comeron et al. 2012) . Telomeric and centromeric regions of each chromosome arm with low recombination rates (< 1cM/Mb per female meiosis) are not included in our analysis. For each core SNP, 13 discrete values of a (¼ 2Ns), ranging from 2,000 to 50,000, were used to find maximum CLR and the estimate of selection strength (â). Using a larger upper bound of a resulted in detecting the same set of signals.
nS L statistic is standardized by mean and variance from all SNPs in the genome sharing a similar derived allele frequency. For CLR test, standardization of composite likelihood ratios was conducted according to Vy and Kim (2015) , namely,
where e ¼ 0.05, g is the sample frequency of derived allele at the site, and Q(g, e) is 1Àe quantile of the distribution of unstandardized CLR, K g . It should be noted that, unlike in Vy and Kim (2015), we use the mean instead of the mode of K g since the two values are nearly equal while the algorithm to calculate mean is simpler. To be considered as a candidate site of an incomplete sweep, standardized statistics calculated at those sites should be >1.8 for CLR test and smaller than À2.4 for nS L test. A signal, representing a single event of selective sweep at a locus, is identified as a cluster of sites that yield such significant statistics. Clusters detected by the CLR and nS L test are defined to overlap (therefore to be merged) if two peaks are located <10-kb away from each other or one cluster lies within the other. Vy and Kim (2015) also performed genome-wide CLR tests for the Rwanda sample, however without masking admixture regions from the genome. This, together with the change in standardization scheme, explains some discrepancies between signatures of incomplete sweep in Rwanda reported here and in Vy and Kim (2015) .
Distribution of T 1 under Demographic Scenarios
The robustness of the null distribution of T 1 to demographic complications was examined using data simulated under the models of standard neutrality, population bottleneck, exponential growth, and population split. For each demographic model, 10 4 replicates, each of which has 200 or 22 sequences of 10 kb long, were generated. After obtaining the distribution of unstandardized ratio (K ¼ log L IS =L N ½ ) for different bins of derived-allele frequency (ranging from 0.3 to 0.7), standardization according to equation (1) was performed using the mean and the 95 percentile of the same distribution. (This procedure is different from that of Vy and Kim (2015) in which the standardization was done always using the mean and percentile of K from standard neutral simulation.) First, the standard neutral model (a constant-sized population) was simulated with parameters estimated for Zambia: 4N e m ¼ 0.009 and 4N e r ¼ 0.055 per site, using r ¼ 2.5 Â 10 À8 /base/generation (Comeron et al. 2012) and N e ¼ 550,000 (current effective size estimated by Sheehan and Song 2016) . Second, population bottleneck was simulated with parameters estimated by PSMC method in Sheehan and Song (2016) : bottleneck lasts from 0.02N e to 0.2N e generations back. Population size during bottleneck is 0.27N e and before bottleneck 1.2N e (command line: ms 200 10,000 -N 550,000 -t 90 -r 550 10,000 -eN 0.005 .27 -eN 0.05 1.2). Third, in exponential growth model, population size increases $5 times in the last 0.015N e generations. This model fits inferred parameters for Rwanda population by Bastide et al. (2016) (command line: ms 200 10,000 -N 550,000 -t 250 -r 550 10,000 -G 440 -eG 0.00375 0.0). Finally, in population split model, a common ancestral population split into two at 0.02N e generations ago and then exchange migrants with M ¼ 4, whereas all three populations are of identical sizes. Here, 200 or 22 sequences are sampled from only one of the derived populations (command line: ms 222 10,000 -N 550,000 -t 80 -r 550 10,000 -I 2 200 22 4 -ej 0.02 2 1).
Identifying SHs
We search SHs as groups of homogeneous sequences in the alignment of all African samples. At each candidate locus, an interval that is 3â nucleotides long and centered on the site of the largest T 1 is taken for analysis. A DNA segment which contains missing bases ("N") at more than half of its length are excluded from analysis. Within this interval, a sliding window of size 0:5â moves by a step size of 0:125â. For each window, mean pairwise nucleotide differences of all pairs of sequences, p, is calculated. Then, the groups of homogeneous sequences, in each of which difference in any pair of sequences is <0:05 p are identified. Each independent group is considered as a SH if it contains at least 3 sequences from Rwanda or 10 sequences from Zambia. At each position of window, h sequences are identified to belong to the largest group. The putative location where selection acted on is estimated by the position of window that maximizes h. If there are multiple windows that yield the identical maximum, we choose the one that yields the lowest mean of within-group sequence differences. A Python script for this SH search is included in our MISCL package. Vy et al. . doi:10.1093/molbev/msx207 MBE Assuming that the site under selection is located at the center of the 0:5â-long window, the recombination rate between this site and one end of the window is r w ¼ 0:25âr n , where r n is recombination rate per site per generation. We obtainâ in the process of finding the strength of selection relative to local recombination rate, namelŷ s=r n ¼ 2â=ð4Nr n Þ ¼ 2â=R n , that maximizes the composite likelihood of data under the model of selection. Therefore, r w =ŝ ¼ 0:25âR n =ð2âÞ ¼ R n =8. Assuming r n ¼ 2 Â 10
À8
and N ¼ 10 6 , r w =ŝ ¼ 0:01. Since the probability that a lineage at a neutral site at a distance of r recombines with a sequence not initially linked to the beneficial allele is given by 1 Àð2aÞ
Àr=s (Kim and Stephan 2002) , the size of window given by r w =ŝ ¼ 0:01 corresponds to $10% chance of including a recombined sequence. This will lead to the underestimation of SH frequency. However, in practice we find that the window size cannot be <0:5â because it should contain a sufficient number of polymorphic sites in the sample to allow a clear identification of an SH. Furthermore, as long as such an underestimation bias applies equally to all population samples, this should not affect our inference of relative SH frequencies between populations, which is the primary aim of the analysis.
Simulation of Hard Sweeps under Different Models of Selection
Simulation of positive selection on a beneficial allele that propagates in a two-island model under the four models of selection (local simple, local diminishing, global simple, global diminishing) was conducted using the generator of forwardin-time allele frequency trajectory included in msms simulation package (Ewing and Hermisson 2010) . Simulation starts with a copy of beneficial allele in deme 1 and ends when its frequency in deme 1 reaches a pre-set value, f 1 . In case of diminishing selection, to make the trajectory plateau at f 1 , g (a parameter that imposes overdominance) is given by 2 À 1=f 1 . For each parameter set, 5,000 replicates are simulated, with 100 chromosomes sampled, and the values of
À Á À Á , where g i is the sample frequency of B in deme i, are recorded. We used N ¼ 10 6 and M ¼ 4Nm ¼ (2, 20, 60). (Exemplary command lines: msms 200 5,000 -N 1,000,000 -t 2 -I 2 100 100 20 -Sc 0 1 2,000 1,000 0 -Sp 0.5 -SF 0 1 0.5 -SseedDeme 1 -Smark, msms 200 5,000 -N 1,000,000 -t 2 -I 2 100 100 20 -Sc 0 1 -20 1,000 0 -Sp 0.5 -SF 0 1 0.5 -SseedDeme 1 -Smark, msms 200 5,000 -N 1,000,000 -t 2 -I 2 100 100 20 -SAA 2,000 -SaA 1,000 -Sp 0.5 -SF 0 1 0.5 -SseedDeme 1 -Smark, msms 200 5,000 -N 1,000,000 -t 2 -I 2 100 100 20 -SAA -20 -SaA 1,000 -Sp 0.5 -SF 0 1 0.5 -SseedDeme 1 -Smark)
Simulation of Soft Sweep with Heterozygote Advantage
We simulated soft selective sweeps due to recurrent mutations in a diploid population using frequency-based forward simulation under the Wright-Fisher model of reproduction with mutation, selection, and migration as described in Results. At each generation, random numbers of mutation and migration events are drawn from Poisson distributions with mean 4Nl and 4Nm, respectively. However, we assume unidirectional mutation: ancestral allele b mutates to B i (i ¼ 1, 2, . . .) but not in the other direction. New mutation event results in the increment of i: different index i represents different genetic background associated with the beneficial allele. Let f i ðtÞ be the frequency of B i at generation t (that of b given by f 0 ðtÞ). f i ðt þ 1Þ is drawn from a multinomial distribution Pð2N; p i Þ f with selection-adjusted probability p i $ P j s ij f i ðtÞf j ðtÞ, where s ij (¼ s or gs) is the fitness advantage of genotype B i B j relative to bb. In every generation, p i is normalized such that P i p i ¼ 1. In a migration event, one diploid individual randomly chosen in one deme migrates to the other deme. A simulation run stops after the ancestral allele is lost or if it maintains a near-constant frequency for a while. Frequencies of the ancestral and beneficial alleles in each deme are recorded every generation.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
